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1
METHODS AND SYSTEM FOR IMAGE
GUIDED CELL ABLATION WITH
MICROSCOPIC RESOLUTION

RELATED APPLICATIONS

This application claims the priority benefit of provisional
application U.S. Ser. No. 61/421,077 filed Dec. 8, 2011, the
contents of which are herein incorporated by reference in its
entirety.

FIELD OF INVENTION

The present invention relates generally to the ablation of
abnormal cells guided by imaging of such cells during surgi-
cal procedures.

BACKGROUND OF INVENTION

A major challenge of oncology surgery is removing cancer
cells from the tumor bed with certainty. Residual cancer,
which refers to cancer cells left behind after the initial resec-
tion surgery, can lead to local recurrence, increased rates of
metastasis, and poorer outcomes. Currently, there is a high
rate of secondary surgeries because cancer cells are found at
the margins of the resected mass during post-operative patho-
logical analysis of the tumor. For example, 50% of breast
conserving lumpectomies (Mullenix etal., Am. J. Surg., 187:
643-646, 2004), 35% of limb-sparing sarcoma surgeries
(Zornig et al., Br. J. Surg., 82:278-279, 1995), and 37% or
radical prostatectomies (Vaidya et al., Urology, 57:949-954,
2001) fail to completely remove cancer cells during the initial
surgery. One of the leading causes of not being able to remove
all the cancer cells in the tumor bed is the lack of an intraop-
erative visualization technology that can guide the surgeon to
identify and remove the diseased cell. In many cases, effec-
tive and total resection of cancers in organs is further com-
plicated because essential adjacent structures need to be
spared (for example brain surgeries or other surgeries where
important nerves or blood vessels are nearby).

Standard assessment of a resection is performed by inking
the outside of the excised tissue, freezing it and then exam-
ining the edge of specimen sections by light microscopy
(known as frozen section analysis). The presence of tumor
cells at the inked margin, which is referred to as a positive
margin, indicates that tumor cells remain behind in the tumor
bed. Although margin assessment of a frozen section can take
place during surgery, time constraints normally limit this
assessment to small areas of the tumor. Therefore, this
approach is prone to sampling error. The remaining excised
tissue is fixed in formalin and it may take several days before
the pathologist can complete the analysis to identify a positive
margin. If a positive margin is identified, patients most often
require a repeat surgical resection, leading to increased
patient morbidity and higher healthcare costs. Other intraop-
erative cancer detection technologies have been developed
including radio-frequency (RF) spectroscopy analysis of the
surface of resected tumors (Allweis et al., Am. J. Surg., 187:
643-646, 2004), Raman and elastic scattering spectroscopy
(Bigio et al., J. Biomed. Opt. 5:221-228, 2000) and tissue
autofluorescence (Demos et al., J. Biomed. Opt., 9:587-592,
2004). However, each of these technologies lacks the resolu-
tion, sensitivity and ease of use required for rapid assessment
of microscopic residual cancer within the entire tumor and
does not provide means of tissue removal.

A common method used to destroy cells in situ is laser
ablation therapy. Laser ablation therapy refers to the destruc-
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tion of tissue by delivering heat in the form of light into a
small volume. Typically, the laser light is presented in short
pulses to reduce damage and overheating of surrounding
healthy tissue. The amount of tissue being ablated is con-
trolled by the size of the laser focal spot (0.2-3 mm in diam-
eter), intensity and duration of exposure. At the focal spot,
temperatures will reach 100° C. which causes vaporization of
the tissue due to evaporation of interstitial water (Gough-
Palmer etal., Laryngoscope, 116:1288-1290, 2006). At about
1.5 diameters, temperatures reaching 50° C.-54° C. will
induce instant cell death, rapid coagulative necrosis, and
immediately cauterize the wound limiting the blood loss to a
minimum (Goldberg et al., Acad. Radiol., 3:212-218, 1996).

To reach the desired depth of ablation, the wavelength of
the laser light has to be carefully chosen. For example, a
potassium titanyl phosphate laser (KTP) producing light at a
532 nm wavelength is typically used for ablation of tissue
limited to surface treatment (for example, skin cancer and
tumors at the periphery of organs), as its depth of penetration
is only 900 pum. Carbon dioxide lasers are also used for
surface ablation as its 10.6 um wavelength is heavily
absorbed by water inside tissue limiting its penetration depth
to approximately 300 um. For ablation of diseased tissue
below the surface, Nd:YAG lasers, operating at a wavelength
of 1064 nm, provide penetration depths up to 15 mm (Rein-
isch, Otoralyngol. Clin. North. Am., 29:893-914, 1996).

Laser ablation procedures are usually non- or minimally-
invasive and guided by standard imaging techniques. Cur-
rently, laser ablation has been used intraoperatively to remove
visible cancer nodes in lung tumors, unresectable liver
metastasis, small breast cancers and laryngeal cancers. How-
ever, ablation therapy lacks cellular resolution because it is
often limited by the spatial resolution provided by the guiding
imaging techniques; thus, it can easily leave millions of can-
cer cells behind. For example, the Gamma Knife unit used in
brain surgery has a theoretical accuracy of 0.2 mm but it is
limited by the imaging resolution of 2 mm and positioning
and excision accuracy of the surgeon.

Thus, a need exists for an intraoperative and real-time
cancer cell detection and therapy device at a single-cell level
to ensure thorough examination of the tumor bed for residual
cancer while providing guidance for additional tissue
removal. A single-cell image detection technology could be
use to guide an automatic cell ablation system to destroy the
cancer cells as soon as they are detected. The combined
system will give the surgeon the ability to remove cancer cells
at an unprecedented single cell level while providing a mini-
mum impact on the healthy tissue. This will address the
difficulty of removing residual cancer in complicated open
and endoscopic surgeries such as brain, sarcoma, and colon.

SUMMARY OF THE INVENTION

The invention is based on a system which is capable of
detecting abnormal cells at a single cell resolution and treat-
ing the abnormal cells with laser ablative therapy. The laser
and imaging system are preferentially detecting and treating
surface cells. Although abnormal cells that are cancerous in
nature are ideally targeted, the system and methods can be
adapted to other abnormal cells or tumor-associated cells as
well. Alternatively, other energy sources can be used in place
of the laser, for example radiofrequency ablation or cryoab-
lation.

Furthermore, the invention also includes methods for intra-
operative in-vivo imaging and treatment using said device.
Subjects can be either human or animal. Preferably, the sub-
ject is given a fluorescent, activatable probe, administered
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orally, systemically, via bolus injection, via surface applica-
tion or other established method. Alternatively an antibody
probe can be used or the endogenous fluorescent difference
between cancer cells and healthy cells may be used without an
imaging agent or probe. The probe then is allowed to reach the
target tissue and is activated by the tissue at the target loca-
tion. During the surgical operation, the diseased tissue is
exposed by the surgeon and the bulk diseased tissue is
removed, if possible. The imaging device is then used to
identify and treat the residual abnormal cells.

In one aspect the invention provides an in vivo method of
treating abnormal cells by administering a composition com-
prising a molecular imaging probe to a tissue of a subject and
obtaining an in situ image of the tissue where the image
allows for the detection of one or more diseased cells, if
present in the tissue and treating the diseased cell. The subject
is a mammal such as a human.

The composition is administered systemically to the sub-
jector applied to the surface of the tissue, such as by spraying
or painting. Alternatively the composition is administered on
a film or sponge.

In some embodiments the cells are treated with light
energy, such as a laser. Cells are ablated by a laser by locating
one or more diseased cells in situ using an imaging system,
transferring the location of the diseased cell to a laser guiding
system to move the laser over the target cell for ablation,
imaging the actual location of the laser using the imaging
system to provide spatial feedback to the laser guiding sys-
tem, adjusting the location of the laser if necessary based on
the aforementioned feedback and ablating detected diseased
cell(s). Optionally, the method includes an additional feed-
back algorithm after the ablation of diseased cells to post-
image the treatment tissue and verify that the diseased cells
have been correctly treated. The imaging system is a single-
cell resolution imaging system. The laser guiding system
consists of one or more galvanometer mirrors, MEMS mir-
rors, acousto-optic deflectors, micromirrors, acousto-optic
modulators used as deflectors, piezo-electrial mirrors, elec-
tro-optical deflectors, polygonal mirrors, or planar mirrors on
a rotating shaft.

The molecular probe can be any molecule that gives us a
contrast between the diseased cells and normal tissue and can
include either activated, ligand or clearance differential. The
activated can be activated by enzymes and can be a flouro-
chrome plus a quencher or two flourochromes in a self-
quenching configuration. A ligand based probe would be for
instance a flourochrome together with a targeting antibody. A
clearance differential probe would be a molecule with a fluo-
rescent label and a pharmacokinetic modifier that clears the
probe preferentially from the healthy tissue leaving the cancer
cells and/or tumor associated inflammation cells labeled.

The molecular imaging probe is activated by enzymes. In
another aspect the imaging probe contain one or more fluo-
rochromes and one or more dark quenchers. Exemplary fluo-
rochromes include Cy3, Cy3.5, CyS5, Alexa 568, Alexa 546,
Alexa 610, Alexa 647, ROX, TAMRA, Bodipy 576, Bodipy
581, Bodipy TR, Bodipy 630, VivoTag 645, and Texas Red.

Exemplary dark quenchers include a QSY quencher, a
dabcyl quencher, an Iowa Black quencher, and a Black Hole
quencher. The QSY quencher is QSY21, QSY7, QSY9, or
QSY35. The Iowa Black quencher is lowa Black FQ or lowa
black RQ. In some aspects the imaging probe is in the visible
light spectrum of 350-670 nm. Optionally, imaging probe
includes a pharmacokinetic modifier. The probe is optimally
imaged at less than 2 hours after administration. Alterna-
tively, the probe is optimally imaged at between 12 and 36
hours after administration.
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In some aspects the molecular imaging probe contains a
targeting moiety and an imaging moiety. A targeting moiety
binds specifically to CD20, CD33, carcinoembryonic antigen
(CEA), alpha fetoprotein (AFP), CA125, CA19-9, prostate
specific antigen (PSA), human chorionic gonadotropin
(HCGQ), acid phosphatase, neuron specific enolase, galacato-
syl transferase II, immunoglobulin, CD326, her2NEU,
EGFR,PSMA, TTF1, Muc, immature glycoslytaion, an EMT
marker, a cathepsin, or an enzyme. The imaging moiety is a
fluorochrome such as Cy3, Cy3.5, CyS5, Alexa 568, Alexa
546, Alexa 610, Alexa 647, ROX, TAMRA, Bodipy 576,
Bodipy 581, Bodipy TR, Bodipy 630, VivoTag 645, and Texas
Red.

The diseased cell is within 1 cm from the surface. The
diseased cell is for example a cancer cell, a central nervous
cell, a cardiac cell, a bone cell, a tendon cell, or a muscle cell.

Also included in the invention is a medical imaging and
treatment system containing:

(a) an excitation source configured to cause an object hav-
ing a plurality of cells to emit and fluoresce light;

(b) an optical receptor configured to receive the light from
the object;

(c) an image processor;

(d) an energy source sufficient for destroying one or more
cells; and

(e) a feedback system configured to detect the condition of
each cell and apply treatment to detected diseased cells.

The image processor contains a field of view (FOV) sub-
stantially greater than a diameter of a cell of the object and an
analysis resolution substantially matched to the diameter of a
cell of the object and configured to receive and analyze the
light corresponding to each cell in the FOV.

The cells are treated using light energy. In some aspects the
light energy is delivered by a plurality of lights. For example,
an optical fiber bundle collects and distributes light to the
cells.

In another embodiment the cells are treated using laser
ablation, radio frequency ablation or cryo-ablation. The laser
is controlled by a laser guiding system comprising of one or
more galvanometer mirrors, MEMS mirrors, acousto-optic
deflectors, micromirrors, acousto-optical modulators used as
deflectors, piezo-clectrial mirrors, electro-optical deflectors,
polygonal mirrors, or planar mirrors on a rotating shaft.

A single light source may be used for both the fluorescent
excitation and then a higher power setting would provide the
ablation function.

The light energy is between 100 nm and 2500 nm. In some
aspects the light energy is pulsed. For example, the pulse is for
duration less than 100 ns. In some aspects, the light energy
imparts delayed cell death.

The feedback system consists of:

(a) locating the diseased cell in situ using an imaging
system,

(b) transferring the location of the diseased cell to a laser
guiding system to move the laser over the target cell for
ablation

(c) imaging the actual location of the laser using the imag-
ing system to provide spatial feedback to the laser guiding
system

(d) adjusting the location of the laser if necessary based on
the aforementioned feedback

(e) ablating detected diseased cell(s).

Optionally the system further contains an additional feed-
back algorithm after the ablation of diseased cells to post-
image the treatment tissue and verify that the diseased cells
have been correctly treated. In some embodiments the system
contains a fluid reservoir which flushes cell area with fluid to
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remove debris created during ablative process. Additionally,
in some embodiments the system contains a fluid reservoir
which flushes cell area with fluid to cool tissue as ablative heat
destroys abnormal cells, preventing excess treatment to
healthy tissue.

In another embodiment, the method does not require an
imaging probe. Instead, an imaging method (e.g. fluores-
cence, spectroscopy, or other imaging technique) is used to
determine which cells to ablate.

In another embodiment, the system requires a light source
to image the tissue. In some aspects, the system does not
excite an imaging agent.

As used herein, “probe” means an identifiable molecule
which is used to detect the presences of other molecules.

As used herein, “fluorochrome” means a molecule which
becomes fluorescent by absorbing energy (light) at one or
more specific wavelengths by exciting ground-state electrons
into a higher energy level and then emitting energy (light) at
one or more slightly different wavelengths when the excited
electrons return to the ground-state energy level.

As used herein, “dark quencher” means a molecule which
absorbs light radiation at one or more specific wavelengths
and dissipates the energy absorbed in the form ofheat; thus, a
dark quencher does not emit fluorescent light.

As used herein, “pharmacokinetic modifier” means a mol-
ecule which is attached to the molecular imaging probe which
inhibits undesired biodegradation, clearance, or immunoge-
nicity of the probe.

Unless otherwise defined, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which this invention
pertains. Although methods and materials similar or equiva-
lent to those described herein can be used in the practice of the
present invention, suitable methods and materials are
described below. All publications, patent applications, pat-
ents, and other references mentioned herein are expressly
incorporated by reference in their entirety. In cases of conflict,
the present specification, including definitions, will control.
In addition, the materials, methods, and examples described
herein are illustrative only and are not intended to be limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1: Optical layout of laser and imaging system. Fluo-
rescence excitation is provided by a ring of LED. Lenses L1
and L2 collect the image of the specimen plane and relay it to
lens 1.3, which focuses it onto the CCD camera. Band-pass
filter F1 blocks all wavelengths except the fluorescence emis-
sion of the target. A laser diode provides high intensity illu-
mination to induce photobleaching of the target to simulate
ablation. The laser light is actively directed by a 2-dimen-
sional set of galvo-mirrors. Lens 1.4 adjusts the focus of the
laser beam at the specimen plane. The laser light is brought
into the optical axis by reflecting off a 50-50 beam splitter
(M1). During exposure of high laser intensity, shutter S1
prevents light from damaging and/or saturating the CCD.

FIG. 2: Light source array used to ablate tissue. Each
individual light source is in close enough proximity to the
tissue to kill one or more cells.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to the design of a system
which is able to simultaneously detect abnormal cells and
treat the cells with a laser ablation. The invention applies to
the removal of diseased cells in surgery. Cancerous tissue
removal is one such application though not the only one as
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abnormal cells in various central nervous system disorders
(e.g. Parkinson’s disease) or various cardiovascular system
disorders (e.g. ischemia), or various orthopedic disorders
(e.g. osteoporosis) could be a target for removal.

FIG. 1 shows a schematic of one example of such a system.
The imaging system consists of a number of components
including an excitation source such that one or more diseased
cells are caused to emit fluorescent light, an optical receptor
to receive the emitted light from the diseased cells, an image
processor, an energy source for destroying detected diseased
cells, and a feedback system for detecting the condition of
each cell and applying treatment to the detected diseased
cells.

In the image detection portion of the system of FIG. 1,
fluorescence excitation is provided by a ring of LED. The
target abnormal specimen contains an activated fluorescent
probe such that the probe is excited by one wavelength of light
and emits a second, distinct wavelength. Lenses [.1 and [.2
collect the image ofthe specimen plane and relay it to lens .3,
which focuses it onto the charge-coupled device (CCD) cam-
era (or alternatively an avalanche photodiode: APD array or
complementary metal-oxide semiconductor: CMOS). Band-
pass filter F1 blocks all wavelengths including the excitation
fluorescence of the LED ring and allows the fluorescence
emission of the target to reach the camera.

The image detection portion of the system provides a wide
field of view (FOV) with an analysis resolution substantially
matched to the size of a cell by matching a given cell with one
or more pixels of a CCD, APD, or CMOS array such that the
FOV of any pixel is one cell or less. This provides a desirable
photon flux rate (photons/sec-area) and desirably controls the
background emission (auto fluorescence) which, along with
the dark count, determines the signal-to-noise ratio of the
instrument and its sensitivity. If the field of view of a pixel
contains several cells and only one is a cancer cell that has
illuminated molecular probes, the average photon flux rate to
the pixel will be reduced and the ratio of the signal-to-back-
ground noise will be, likewise, reduced. Furthermore, if mul-
tiple cancers cells are closely spaced, the device will still be
able to differentiate individual cells.

For the laser ablation portion of the system of FIG. 1, the
laser light is actively directed by a 2-dimensional set of galvo-
mirrors. Lens [.4 adjusts the focus of the laser beam at the
specimen plane. The laser light is brought into the optical axis
by reflecting off a 50-50 beam splitter (M1). During exposure
ot high laser intensity, shutter 51 prevents light from damag-
ing and/or saturating the CCD.

The pair of galvo-mirrors will provide 2-dimensional con-
trol of the location of the laser in the specimen plane. Galva-
nometer-mirrors (or galvo-mirrors) consist of a galvanom-
eter-based scanning motor with a mirror mounted on the
motor shaft and a detector that provides feedback on the
current angular position to the controller. Galvo-mirrors have
aprecision in the range of 15 pradians, a step response time of
300 ps and a small angle bandwidth of 1 kHz, thus providing
fast control of the laser. These mirrors are usually employed
commercially for fast laser engraving and bar code reading.
Galvo-mirrors are also used in research for laser scanning
applications such as optical tweezers and some types of con-
focal microscopy set ups.

The path length between the galvo-mirrors and the laser
focusing lens (L.4) can be adjusted in order to achieve full
coverage of the camera field of view at the largest angular
deflection (laser location is proportional to the path length
multiplied by tangent of the angular deflection of galvo-
mirrors). The laser will be brought into the optical imaging
pathvia a 50-50 beam splitter to reflect 50% of the light on the
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specimen plane. In contrast to a dichroic mirror, this 50-50
beam splitter also allows some of the laser light in the speci-
men plane to reach the camera, which can be used for the
imaging and a feedback algorithm. The distance between
lenses [.4 and 1.2 can be set such that a 100 um laser spot
diameter (or any other desired spot diameter) can be obtained
at the specimen plane—this distance can be mathematically
determined once all the parameters involved (input beam
diameter and focal lengths of all the lenses) are determined.

A calibration curve to correlate the beam angular deflec-
tion by the galvo-mirrors with the x-y location of the laser
beam in pixel coordinates can be empirically determined. The
galvo-mirrors can be scanned over a range of angles while an
image is acquired at each angular step to determine the pixel
location of the beam spot. To avoid damage to the camera chip
and signal saturation, the laser intensity can be set atareduced
power during this calibration. Also, the fluorescence emission
filter (F1) can be removed to avoid filtering out the laser light
before reaching the camera. The calibration curve can be
fitted to a suitable polynomial function in the form of (c,
p)=f(xp, yp), where o and 3 correspond to the angular deflec-
tion of each galvo-mirror, respectively, and xp and yp corre-
spond the x- and y-coordinates in camera pixels.

Once the laser calibration curve is known, a detected
abnormal cell can be treated. The camera pixel locations of
cell are input into the calibration equation (c, §)=f(xp, yp) to
obtain the galvo-mirror angular deflection required to direct
the laser (in low power mode) into the correct specimen plane
location. At this time, the laser spot can be imaged to deter-
mine its actual location in the specimen plane using the detec-
tion system. The actual location of the laser relative to the
targeted pixel can be used to provide feedback to the guiding
algorithm to adjust the laser location, as necessary.

Because of experimental errors and thermal drift, the cali-
bration between pixel location and the laser angular deflec-
tion might experience variations that limit the spatial accu-
racy of the system. Thus, a closed-loop control system that
feedbacks the actual location of the laser spot relative to the
targeted pixel can be implemented. Once the laser is posi-
tioned over the right location, an automatic control can switch
the laser to high power mode for a predetermined time dura-
tion, inducing the cells to pre-maturely die. During the high
power exposure period, the camera chip will be protected by
closing a shutter, S1, placed in front of the camera.

To reach the desired depth of ablation, the wavelength of
the laser light has to be carefully chosen. For example, a
potassium titanyl phosphate laser (KTP) producing light at a
532 nm wavelength is typically used for ablation of tissue
limited to surface treatment (for example, skin cancer and
tumors at the periphery of organs), as its depth of penetration
is only 900 um. Carbon dioxide lasers are also used for
surface ablation as its 10.6 um wavelength is heavily
absorbed by water inside tissue limiting its penetration depth
to approximately 300 pm. Alternatively, an ArF excimer laser
at around a 248 nm wavelength can be used to treat cells at
around 30 um depth and an XeCl excimer laser at around 308
nm wavelength can be used to treat cells around 50 um depth
(Vogel et al., Chem Revv, 103:577-644). A 2.01 pm Cr:Tm:
YAG laser has a depth of around 170 pm and a 2.12 pm
Cr:Tm:Ho:YAG laser has a depth of around 350 um (Vogel et
al., Chem Revv, 103:577-644). For ablation of diseased tissue
below the surface, Nd: YAG lasers, operating at a wavelength
of 1064 nm, provide penetration depths up to 15 mm (Rein-
isch, Otoralyngol. Clin. North. Am., 29:893-914, 1996).

Lasers in the 1-5SW power range are sufficient for ablating
tissue with a single nanosecond pulse (Reinisch, Otoralyngol.
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Clin. North. Am., 29:893-914, 1996). Other powers can be
used with accordingly shorter and longer duration treatment
periods.

Importantly, quick treatment periods are preferred to
ensure that detection and treatment is co-localized and
device/patient movement does not affect the treatment accu-
racy. Several factors affect the speed of the system: (1) image
acquisition time (exposure), (2) image processing, (3) abla-
tion time, (4) laser positioning, and (5) number of ablation
targets. With 25 million spots (5 cmx5 cm of cells) the cumu-
lative laser duration will be about 0.2 seconds if the pulse
duration is 1 ns. The speed of the system is mostly limited by
a combination of how fast the laser can be moved between
targets and how many targets have to be ablated.

Using galvanometer driven mirrors, a laser beam can be
scanned over a 500x500 pixel in 33 ms (Pawley, Handbook of
Biological Confocal Microscopy, 3rd ed) or about 3.3 sec-
onds to ablate 25 million pixels. We expect that in 3.3 sec-
onds, loss of registration would become a problem. To over-
come this limitation, we have developed an algorithm to
divide the field of view into several small regions to be inde-
pendently ablated within 0.5 s. Fiducial marks can be gener-
ated by the laser to identify each region so the system can
automatically detect which regions have been already ablated
before moving to the next one. Also, the fiducial marks will
allow correct repositioning of the device in case it is moved
before ablation has been completed.

Preferably, the pulse duration of the laser and the mirror
movement is quick enough to enable image detection and
ablation to be co-registered.

A low power laser can also be employed in this invention
such that delayed treatment is provided. Specific ablation
energy can be delivered to impart nucleic damage to the cell,
inducing apoptosis at a future time. DNA absorption is cen-
tered around a peak of 260 nm (Vogel et al., Chem Revv,
103:577-644). Alternatively, lasers at other UV and IR wave-
lengths have been shown to impart DNA damage by various
mechanisms (Kong et al., Nucleic Acids Res., 37:¢68, Roga-
kou et al., J. Cell Biol., 146:905-915). Lasers at low enough
powers to not induce instantaneous vaporization may be used
to impart delayed treatment effects.

Ideally, a laser with appropriate qualities to treat cells at or
near the surface of the tissue while sparing deep tissue treat-
ment is preferred in this application. Furthermore, lasers with
limited treatment zones are preferred so as not to affect
nearby healthy tissue.

To ensure that cell ablation has occurred, a second feed-
back algorithm can be implemented to detect when the fluo-
rescence of the current target has been extinguished should
the treatment energy be sufficient to kill not only the cells, but
also the imaging probe as well. After the initial exposure to
high power laser is completed, the laser can be switched off,
the shutter in front of the camera can be opened and the
emission filter can be placed in front of the camera. A second
image of the specimen plane can be acquired and compared in
a pixel-by-pixel basis with the image acquired pre-ablation. If
the current target is still emitting fluorescence, the system can
be switched to high power mode for a second exposure. The
process can be repeated as necessary. When the current target
no longer emits, the nearest fluorescent target can be selected
as a new target based on the latest image acquired, and the
procedure can be repeated.

With this feedback algorithm, it is important to note that
any unactivated imaging agent in healthy tissue may actually
be activated with the laser in a “heat affected” zone. A “heat
affected” zone would be the tissue which is not completely
denatured, but was subjected to above normal temperatures



US 9,314,304 B2

9

and is located in between that tissue completely ablated and
that tissue which was not affected by the laser. Consequently,
the laser should be chosen to apply small treatment zones with
minimal “heat affected” zones.

Because the tissue exposed during the surgery could have
an irregular surface which is not flat, or cancer cells may be
one or two layers of cells below the surface, the system can
adjust the location of the laser focus to control the depth of
ablation. Because the depth of focus of the laser depends on
the imaging system properties (numerical aperture, focal
length of lenses, diameter of lenses, path length), the optical
design can be manipulated to provide an ablation focal depth
of approximately 500 um.

It is possible that the burned tissue or debris generated by
laser ablation may interfere with the signal of nearby cells,
limiting their detection. The proposed invention also includes
an embodiment with a continuous fluid wash which can be
applied to the surface to remove any interfering debris. The
proposed fluid wash can alternatively be used to cool the
tissue such that the focal ablation heats and affects only the
desired location while providing minimal impact on healthy
tissue.

In other embodiments of the invention, the laser beam is
directed to the treatment site by controlling the set of mirrors
through the use of a stepper motor or using MEMS mirrors
instead of the galvo-mirrors. In a further embodiment, the
laser beam can be moved by controlling acousto-optic deflec-
tors. The invention also includes a method of directing the
laser beam treatment using micro-mirrors. An acousto-opti-
cal modulator used as a deflector, a piezo-electric mirror, an
electro-optical deflector, a polygonal mirror, or a planar mir-
ror on a rotating shaft can also be used to direct the laser beam.
Any method or combination of methods used to modify the
mirror angles such that the laser light energy is directed onto
the desired treatment tissue is suitable for this application.

In other embodiments of this invention, the light source is
a single fixed bulb instead of an LED ring. In other embodi-
ments of this invention, the tissue is ablated by using an array
of light elements as shown in FIG. 2. Note that the light
elements could be light emitting diodes or individual fiber
optic bundles or similar sources of energy. In this case each
element is preferentially activated in order to selectively
ablate the focal tissue closest to the element.

In other embodiments of this invention, the laser is
replaced by a radio-frequency (RF) ablation device to simi-
larly impart cellular death. Other embodiments include a
cryo-ablation treatment device. Importantly, the micro probes
used to deliver the RF energy or cryoablation treatment
should be small enough such that a minimal treatment zone is
resultant. An array of such micro RF or cryo probes could be
controlled easily if applied to the surface of the tissue in place
of'the light source array pictured in FIG. 2. Each micro probe
could be individually controlled creating a targeted treatment
area dependent upon the image detection system.

The present invention also includes methods for imaging
and treating abnormal cells during an intraoperative surgical
procedure. In one aspect, the invention provides a method for
spatially determining tissue heterogeneity in a subject under-
going surgery or a minimally invasive intervention by admin-
istering a molecular imaging probe to the subject and obtain-
ing an in situ image of the tissue. The image allows for the
detection of a diseased cell, if present in the tissue and treat-
ment of detected diseased cells. Furthermore, the method
could entail repeating the imaging and treatment steps until
no diseased cell is detected in the tissue.

The molecular probe is any molecule that gives us a con-
trast between the diseased cells and normal tissue and can
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include either activated, ligand or clearance differential. The
activated can be activated by enzymes and can be a flouro-
chrome plus a quencher or two flourochromes in a self-
quenching configuration. A ligand based probe would be for
instance a flourochrome together with a targeting antibody. A
clearance differential probe would be a molecule with a fluo-
rescent label and a pharmacokinetic modifier that clears the
probe preferentially from the healthy tissue leaving the cancer
cells and/or tumor associated inflammation cells labeled.

In one embodiment, the molecular imaging probe could be
administered systemically to the subject or alternatively to the
surface of the tissue. Surface administration includes for
example spraying or painting. Optionally the molecular
imaging probe is administered on a film or sponge. The probe
can also be administered orally, parenterally, via bolus injec-
tion, or other method used commonly in the surgical practice.
Other forms of acceptable administration include subcutane-
ously, intracutaneously, intravenously, intramuscularly,
intraarticularly, intraarterially, intrasynovially, intrasternally,
intrathecally, intralesionally, by intracranial injection or infu-
sion techniques, by inhalation spray, rectally, nasally, buc-
cally, vaginally, via an implanted reservoir, by injection, sub-
dermally, intraperitoneally, transmucosally, or in an
ophthalmic preparation.

In one embodiment, the molecular imaging probe is an
activatable probe. An activatable imaging probe exhibits no
fluorescence emission or its fluorescence emission is
quenched in its nominal configuration, but its fluorescence
emission is typically released upon enzymatic cleavage of its
backbone. Activatable imaging probes have been specifically
designed to target enzyme families with well established cata-
Iytic mechanisms including proteases, kinases, lipases, gly-
cosylases, histone deacylases, and phosphatases. Optimally,
the activatable imaging probe targets an enzyme that is either
preferentially expressed in cancer cells or is upregulated in
cancer cells. Thus, the imaging moiety is only active in cancer
cells, allowing for discrimination between cancer and normal
tissue. For example, the probe targets an enzyme in the cys-
teine protease family (e.g., caspase), cysteine cathepsin fam-
ily (e.g. cathepsin B), serine protease family or the aspartic
protease family.

In one embodiment of this invention, the imaging moiety is
active in cancer cells as well as tumor-associated cells (eg.
tumor-associated macrophages) allowing for discrimination
between these cells and normal tissue.

In one embodiment of this invention, the probe is con-
structed of one or more fluorochromes quenched by each
other or quenched through the use of dark quencher mol-
ecules, attached together with an enzyme activation site and a
pharmacokinetic modifier. Importantly, the pharmacokinetic
modifier is adjusted to optimize the administration-to-imag-
ing time spread. After cleavage of the enzyme activation site,
the fluorochromes and quenchers are spatially separated
allowing fluorescence excitation and detection of the fluoro-
chromes.

A dark quencher emits no fluorescence, but absorbs fluo-
rescence from nearby fluorochromes. Suitable dark quench-
ers include but are not limited to: QSY (diarylrhodamine
derivatives) type quenchers (e.g. QSY21, QSY7, QSY9,
QSY35), dabeyl type quenchers, lowa black FQ and RQ
quenchers, and Black Hole quenchers.

The probe fluorochrome is chosen from a group of avail-
able compounds in the 350-670 nm visible spectrum to pref-
erentially image cells at or near the tissue surface (within 1
cm) while ignoring deep tissue emission. Suitable examples
of fluorochromes in the visible light spectrum which could be
used include but are not limited to: Cy3, Cy3.5, CyS5, Alexa
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568, Alexa 546, Alexa 610, Alexa 647, ROX, TAMRA,
Bodipy 576, Bodipy 581, Bodipy TR, Bodipy 630, VivoTag
645, and Texas Red.

Imaging moieties in the visible light spectrum of 350-670
nm are preferred to selectively view cells at or near the surface
(within 1 cm from the surface) and exclude deep tissue emis-
sion since the imaged depth of tissue penetration increases as
the imaging wavelength increases. Near infrared wavelengths
are not needed for this probe application since deep tissue
penetration of the energy is not desired. Tissue absorbance
and autofluorescence is high between 400 nm and 500 nm
while slowly dropping off around 570 nm. Thus the longer
wavelengths in the visible spectrum are preferred for this
application.

In some embodiments, the molecular imaging probe
includes pharmacokinetic modifiers of adjustable molecular
weight and size which allows the bio-distribution and diffu-
sion rate of the molecular imaging agent to be controlled. For
example, polyethylene glycol (PEG) and/or dextran can be
used as a pharmacokinetic modifier because its chain length,
and thus molecular weight, can be precisely controlled and
readily conjugated to the imaging probe. Other forms of PEG
that can be used are polyethylene oxide (PEO) or polyoxy-
ethylene (POE). Other suitable pharmacokinetic modifiers
are methoxypolyethylene glycol (MPEG), methoxypolypro-
pylene glycol, polyethylene glycol-diacid, polyethylene gly-
col monoamine, MPEG monoamine, MPEG hydrazide,
MPEG imidazole, copolymers of polyethylene glycol and
monoxypolypropylene glycol, branched polypropylene gly-
col, polypropylene glycol, and polylacic-polyglycolic acid.
Optionally, any fatty acid, lipid, phospholipid, carbohydrate,
sulfonate, polysulfonate, amino acid, or peptide can be used
as a pharmacokinetic modifier to tune the biodistribution of
the molecular imaging probe.

Importantly, the size and weight of pharmacokinetic modi-
fiers can be adjusted to modify the kinetics of the probe.
Smaller sizes and weights are more useful for surface appli-
cations where the probe is directly applied to target tissue and
immediate imaging is necessary. Larger sizes and weights
allow for the probe to be injected and travel to the target tissue
via vascular routes. Further small modifications of the size
and weight can be used to adjust the retention time of the
probein the target tissue. In some embodiments the molecular
probe needs to reside in the target tissue at least 1 hour and up
to 48 hours. Optionally the pharmacokinetic modifiers are
optimized to allow imaging within 2 hours of administration
or between 12 and 36 hours post probe administration. In
some embodiments of the present invention, probes with PEG
attachments around 2,000 g/mol and between 20,000 g/mol
and 40,000 g/mol are preferably used to target surface appli-
cations (small molecular weight PEG) and injectable (larger
molecular weight PEG) versions of the molecular imaging
probe. Although these are examples, other PEG sizes and
different pharmacokinetic modifiers can be used. PEG mol-
ecules are typically available in a large array of molecular
weights from 300 g/mol to 10,000,000 g/mol.

Preferably, the pharmacokinetic modifier is between 500
g/mol and 100,000 g/mol.

In another embodiment of the present invention, the imag-
ing probe consists of a targeting moiety and an imaging
moiety. The imaging moiety can be a fluorochrome and suit-
able examples of fluorochromes in the visible light spectrum
which could be used include but are not limited to: Cy3,
Cy3.5, Cy5, Alexa 568, Alexa 546, Alexa 610, Alexa 647,
ROX, TAMRA, Bodipy 576, Bodipy 581, Bodipy TR, Bodipy
630, VivoTag 645, and Texas Red.
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The targeting moiety preferentially targets diseased tissue
and affects the pharmacokinetics in such a way to allow for
discrimination between diseased and healthy tissue. In some
aspects the targeting moiety binds specifically to CD20,
CD33, carcinoembryonic antigen (CEA), alpha fetoprotein
(AFP), CA125, CA19-9, prostate specific antigen (PSA),
human chorionic gonadotropin (HCG), acid phosphatase,
neuron specific enolase, galacatosyl transferase 1, immuno-
globulin, CD326, her2NEU, EGFR, PSMA, TTF1, Muc,
immature glycoslytaion, an EMT marker, a cathepsin, or an
enzyme. The targeting moiety can specifically be designed to
target enzyme families with well established catalytic mecha-
nisms including proteases, kinases, lipases, glycosylases, his-
tone deacylases, and phosphatases. Once the imaging probe
binds to such a target, the probe can be cleared more quickly
or less quickly than in normal tissue, allowing for the prefer-
ential discrimination between healthy and diseased tissue.
Optionally, a pharmacokinetic modifier can be conjugated to
the imaging probe to further fine-tune the distribution time
properties of the imaging probe. Further, the targeting moiety
can be an antibody.

The diseased cell is a tumor cell, or alternatively can be any
other abnormal cell or marker of abnormal activity which is
fluorescently labeled. For example, one could image tumor-
associated macrophages that are typically found surrounding
tumors. In another example, one could image abnormal cells
in various central nervous system disorders (e.g. Parkinson’s
disease) or various cardiovascular system disorders (e.g.
ischemia), or various orthopedic disorders (e.g. osteoporo-
sis). It should be understood that the above disease areas are
not limiting and that other abnormal cells could be detected.

Methods for targeting such tissue could involve conjugat-
ing associated molecules to the imaging probe. For example,
in various cancer staging, myocardial infarctions, and certain
neurological diseases, glucose metabolism is upregulated.
Imaging probes further comprising glucose or deoxyglucose
molecules could be used to target tissue in need of excess
glucose. Furthermore, in malignant tissue, DNA synthesis is
upregulated and nucleotide based metabolites such as thymi-
dine are more readily used. Thus, an imaging probe conju-
gated to thymidine molecules or analogs thereof could be
useful in distinguishing cancerous tissue from benign tissue.

In various central nervous system disorders including Par-
kinson’s disease, Tourette’s Syndrome, Lesch-Nyhan Syn-
drom, Rhett’s Syndrome, and in substance abuse cases,
dopamine metabolism and dopamine transporters are found
in increased or decreased prevalence. Imaging these types of
diseased cells could involve conjugating the imaging probe to
L-dopa, tropanes, dopamine, and/or raclopride molecules
which are molecules involved with the dopamine transport
into the cytosol of the cell. Importantly, the imaging probe
would need to pass the blood brain barrier in this case for a
systemic type probe administration.

For the cardiovascular system, the synthesis and break-
down oflong chain fatty-acids is indicative of an imbalance of
myocardial metabolism commonly found in coronary artery
disease, myocardial infarction, cardiomyopathies, or
ischemia (Railton et al., 1987 Euro. J NucL. Med. 13:63-67;
and Van Eenige et al., 1990 Eur. Hearth 11:258-268). Thus to
image these diseased cells, the imaging probe could further be
conjugated to one or more long chain fatty acids.

Imbalances in osteoblast activity are involved in
osteoporosis, osteoblastic cancer metastases, early calcifica-
tion in atherosclerotic and cancer lesions, arthritis, and oto-
sclerosis. Since phosphonates and their analogs are found in
higher concentrations where osteoblast activity is increased
(Zaheer et al., 2001, Nature Biotech 19:1148-1154), then an
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imaging probe conjugated to phosphonate, phosphonate ana-
logs, methylene diphosphonate, pyrophosphate, and/or alen-
dronate molecules could be useful for imaging such disease
states.

Typically tumors and infracted regions are hypoxic. Mol-
ecules such as nitroimidizoles and misonidazole accumulate
in hypoxic areas and could also be conjugated to an imaging
probe to preferentially discriminate hypoxic regions from
normal tissue.

Alternatively, the diseased cells are detected without an
imaging probe. Instead, the tissue is imaged and then treated.
In this case, imaging modalities such as spectroscopy, raman
spectroscopy, optical coherent tomography, or auto-fluores-
cence could be used to detect those cells for further treatment.
Furthermore, the imaging system would not need to excite a
probe.

Definitions

As used herein, “probe” means an identifiable molecule
which is used to detect the presences of other molecules.

As used herein, “fluorochrome” means a molecule which
becomes fluorescent by absorbing energy (light) at one or
more specific wavelengths by exciting ground-state electrons
into a higher energy level and then emitting energy (light) at
one or more slightly different wavelengths when the excited
electrons return to the ground-state energy level.

As used herein, “dark quencher” means a molecule which
absorbs light radiation at one or more specific wavelengths
and dissipates the energy absorbed in the form ofheat; thus, a
dark quencher does not emit fluorescent light.

As used herein, “pharmacokinetic modifier” means a mol-
ecule which is attached to the molecular imaging probe which
inhibits undesired biodegradation, clearance, or immunoge-
nicity of the probe.

EXAMPLES
Example 1

Interoperative Detection and Ablation of Cancer
Tissue

Currently around 50% of breast cancer patients and 35% of
sarcoma patients require second tumor de-bulking surgeries
because a final pathology report returns days after the initial
surgery indicating that residual cancerous cells have been left
within the patient. Furthermore, 25% of the final pathology
reports do not detect residual cancer cells due to sampling
errors fundamentally inherent in the process. Thus, most
patients require subsequent medical therapy including addi-
tional radiation or chemotherapy treatment to prevent cancer
recurrence and metastasis stemming from residual cancer
cells. The proposed study aims to investigate an intra-opera-
tive method of tumor margin assessment and treatment to
ensure negative margins are obtained during the first surgery
and additional surgeries are not required.

The intra-operative tumor margin assessment is performed
by employing a fluorescence-based imaging system. One day
prior to procedure, the patient is injected with an imaging
agent activated by enzymes upregulated in cancer tissue. On
the day of the surgery, the bulk tumor is manually resected.
Then, the tumor bed is examined for residual fluorescence
using a wide-field, single cell resolution imaging and ablation
device. Locations with high residual fluorescence are deter-
mined to consist of residual cancer cells and the ablation
feature is activated. Intraoperative diagnosis and treatment is
compared to permanent H&E staining of the tissue by a
pathologist.
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Protocol:

Pre-Operative

Imaging and ablation system is set up in the operating room
and is in stand-by mode.

Imaging agent is IV injected into a patient scheduled for
bulk tumor resection surgery.

Intra-Operative

The cancer patient undergoes a standard of care tumor
resection surgery.

After the gross tumor is removed from the patient, the
tumor bed is imaged with the device.

Areas detected with positive fluorescence by the imaging
feature are then confirmed by the surgeon and these con-
firmed areas are ablated.

The tumor bed is cleaned and prepared for a second imag-
ing and ablation sequence.

The tumor bed is re-imaged. Areas which are still fluores-
cent are displayed to the surgeon. Additional ablation on
confirmed areas is performed if so desired by the physician.

Additional tissue samples of areas with positive fluores-
cence prior to ablation and negative fluorescence post abla-
tion are taken and sent for histological analysis.

A final image of the tumor bed is recorded for future
reference.

The wound is closed and the patient recovers from the
operation.

Post-Operative

The bulk tumor and any additional tissue samples are
assessed by pathology using standard processing techniques.

Positive margins found by pathology are compared to the
residual fluorescence images saved during the procedure and
additional tissue taken post ablation.

A final determination of the presence of residual cancerous
tissue in the tumor bed is made.

Data is recorded to determine if the patient requires an
additional surgical procedure due to the presence of residual
disease.

Data is recorded to determine the local re-occurrence of
disease.

Data is recorded to determine the need for adjuvant care
related to the surgical site.

We claim:

1. A system comprising:

an excitation source that emits an excitation light towards
an object including a plurality of cells;

an image processor that detects light from the object
including the plurality of cells;

a treatment device that destroys one or more cells;

a feedback system that detects a condition of each cell of
the plurality of cells to identify one or more diseased
cells amongst the plurality of cells using the detected
light, and wherein the feedback system targets the one or
more diseased cells with the treatment device and
applies a treatment using the treatment device to the one
or more diseased cells to destroy the one or more dis-
eased cells.

2. The system of claim 1, wherein the feedback system
individually targets the treatment device at each of the one or
more diseased cells.

3. The system of claim 1, wherein the treatment device
leaves healthy cells surrounding the one or more diseased
cells substantially untreated.

4. The system of claim 1, wherein the detected diseased
cells are cancer cell.
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5. The system of claim 1, wherein the detected diseased
cells comprise at least one of a central nervous cell, a cardiac
cell, a bone cell, a tendon cell, a muscle cell, a tumor associ-
ated cell.

6. The system of claim 1, wherein the detected discased
cells comprise a mammal cell.

7. The system of claim 6, wherein the detected diseased
cells compromise a human cell.

8. The system of claim 1, wherein the treatment device uses
light energy.

9. The system of claim 8, wherein the treatment device
comprises a plurality of lights.

10. The system of claim 8, wherein an optical fiber bundle
collects and distributes light energy to the diseased cells.

11. The system of claim 10, wherein the energy source
comprises a laser that laser ablates the diseased cells.

12. The system of claim 1, wherein the treatment device
comprises a laser.

13. The system of claim 12, further comprising an optical
bundle that collects light from the laser and directs it towards
the object.

14. The system of claim 12, further comprising a laser
guiding system that controls the laser, wherein the laser guid-
ing system comprises one or more galvanometer mirrors,
MEMS mirrors, acousto-optic deflectors, micromirror,
acousto-optical modulators used as deflector, piezo-electrial
mirrors, electro-optical deflector, polygonal mirror, or planar
mirrors on a rotating shaft.

15. The system of claim 1, wherein the treatment device
comprises a Radio Frequency ablation device.

16. The system of claim 1, wherein the treatment device
comprises a cryo-ablation device.

17. The system of claim 1, wherein the image processor has
a field of view substantially greater than a diameter of a
human cancer cell and an analysis resolution substantially
matched to the diameter of the human cancer cell.

18. The system of claim 1, wherein the feedback system:

(a) locates the one or more diseased cells within a field of

view of the image processor;

(b) targets the locations of the one or more diseased cells

with the treatment device;
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(c) locates an actual treatment location from the treatment
device within the field of view of the image processor;
and

(d) controls movement of the treatment device based on the
locations of the one or more diseased cells and the actual
treatment location.

19. The system of claim 18, wherein the feedback system
post-images tissue treated with the treatment device and veri-
fies that the one or more diseased cells have been treated.

20. The system of claim 1, wherein the image processor
detects diseased cells within 1 cm from a surface of the object.

21. The system of claim 20, wherein the image processor
detects light having a wavelength equal to or between 350 nm
and 670 nm.

22. The system of claim 1, further comprising a fluid res-
ervoir that flushes a surface of the object with a fluid during
treatment with the treatment device.

23. The system of claim 22 and, wherein a flow of the fluid
is sufficient to at least one of flush debris from a surface of the
object and prevent excess treatment of healthy tissue sur-
rounding the one or more diseased cells by the treatment
device.

24. The system of claim 1, wherein the treatment device
treats either an entire field of view of the image processor, or
a predefined subsection of the field of view, in less than or
equal to about 1 second.

25. The system of claim 1, wherein the feedback system
individually determines whether each cell of the object vis-
ible within a field of view of the image processor is a diseased
cell.

26. The system of claim 1, wherein the treatment device is
pulsed with a pulse duration less than or equal to 100 ns.

27. The system of claim 1, wherein the treatment device
causes delayed cellular death.

28. The system of claim 1, further comprising an optical
receptor that receives the light from the object, and wherein
the image processor detects the received light from the object.

29. The system of claim 1, wherein the treatment device
ablates tissue, and wherein an amount of tissue that is ablated
from the object is controlled by a duration of exposure of the
tissue to the treatment device.

#* #* #* #* #*
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